At least four major categories of invasive breast cancer have been reproducibly identified by gene expression profiling: luminal A, luminal B, HER2-type, and basal-like. These subtypes have been shown to differ in their outcome and response to treatment. Whether this heterogeneity reflects the evolution of these subtypes through distinct etiologic pathways has not been clearly defined. We evaluated the association between traditional breast cancer risk factors and risk of previously defined molecular subtypes of breast cancer in the Nurses' Health Study. This analysis included 2,022 invasive breast cancer cases for whom we were able to obtain archived breast cancer tissue specimens. Tissue microarrays (TMAs) were constructed, and slides were immunostained for estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), cytokeratin 5/6 (CK5/6), and epidermal growth factor receptor (EGFR). Using immunostain results in combination with histologic grade, cases were grouped into molecularly defined subtypes. We used Cox proportional hazards models to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). We observed differences in the association between risk factors and subtypes of breast cancer. In general, many reproductive factors were most strongly associated with the luminal A subtype, although these differences were not statistically significant. Weight gain since age 18 showed significant differences in its association with molecular subtypes (P-heterogeneity = 0.05) and was most strongly associated with the luminal B subtype (P-trend 0.001). Although there was not significant heterogeneity for lactation across subtypes, an inverse association was strongest for basal-like tumors (HR = 0.6, 95% CI 0.4-0.8; P-heterogeneity = 0.88). These results support the hypothesis that different subtypes of breast cancer have different etiologies and should not be considered as a single group. Identifying risk factors for less common subtypes such as luminal B, HER2-type and basal-like tumors has important implications for prevention of these more aggressive subtypes.
Introduction
Recent studies using microarray technology and unsupervised cluster analysis have provided new insights into the classification of invasive breast cancers [1] [2] [3] [4] . These studies have resulted in the identification of several breast cancer subtypes that vary in their gene expression signatures and clinical outcome. The molecularly distinct breast cancer subgroups identified to date include luminal subtypes A and B (both of which are hormone receptor-positive), the HER2-type, and a group known as basal-like cancers [1] [2] [3] [4] . Although prognosis and response to treatment has been shown to vary according to these subtypes, it is unclear whether classifying breast cancer in this way may help us to understand better the etiology of breast cancer. Examination of breast cancer risk factors in relation to these subtypes may offer the potential to build on traditional classification of tumor types based on estrogen receptor (ER) and (progesterone receptor) PR status [5, 6] and extend insights into etiology.
Immunohistochemical staining of paraffin sections using antibody panels has been shown to be a reasonable, albeit imperfect, surrogate for molecular classification of invasive breast cancers as categorized by gene expression profiling studies [4, [7] [8] [9] [10] . Antibodies against ER, PR, human epidermal growth factor receptor 2 (HER2), cytokeratin 5/6 (CK5/6), and epidermal growth factor receptor (EGFR) have been particularly useful for this purpose in populations in which material for expression profiling is not available or for which studying very large numbers of cases would not be feasible.
The heterogeneity of breast tumors may be a reflection of distinct etiologic pathways. For example, risk factors that influence estrogen levels (i.e., circulating hormones, postmenopausal hormone (PMH) use, and postmenopausal adiposity) are associated with ER-positive, but not ERnegative breast cancer [5, 6, 11] . The additional markers used to classify the molecular phenotypes beyond ER and PR may allow for greater refinement of tumor subtypes and allow for identification of distinct etiologic pathways. Because luminal A and B tumor subtypes are both hormone receptor-positive and together represent the majority of breast cancer cases, it is not surprising that the majority of identified breast cancer risk factors are those associated with hormonal exposures. By examining risk factors in relation to more homogenous subtypes, we may identify novel risk factors for less common subtypes of breast cancer. In the current study, we examine the association between traditional breast cancer risk factors and the risk of the previously defined molecular subtypes of breast cancer.
Materials and methods

Study population
Study design and population
The Nurses' Health Study was initiated in 1976 when 121,700 US registered nurses aged 30-55 returned an initial questionnaire. The cohort has been followed by mailed questionnaires biennially to update exposure information and ascertain nonfatal incident diseases. Information on body mass index (BMI), reproductive history, age at menopause, and PMH use as well as diagnosis of cancer and other diseases are updated every two years through questionnaires. The follow-up rate among this cohort was over 90% through 1996 [12] .
Breast cancer case confirmation
All women reporting incident diagnoses of cancer were asked for permission to review their medical records to confirm the diagnosis and to classify cancers as in situ or invasive, by histologic type, size, and presence or absence of metastases. To identify cases of cancer in nonrespondents who died, death certificates for all deceased participants and medical records for the incident cancers were obtained. Following medical record review, 99% of selfreported breast cancers were confirmed.
Breast cancer tissue block collection and tissue microarray (TMA) construction Detailed description of the tissue block collection and TMA construction have been described previously [13, 14] . Briefly, we constructed tissue microarrays from 3,093 cancers and positive lymph nodes from 2,897 participants. TMAs were constructed in the Dana Farber Harvard Cancer Center Tissue Microarray Core Facility, Boston, MA. Three 0.6-mm cores were obtained from each breast cancer and were inserted into the recipient TMA blocks. We excluded from the current analysis participants with positive lymph nodes only (n = 25), lobular carcinoma in situ (n = 31), in situ carcinomas with both ductal and lobular features (n = 13), ductal carcinoma in situ (n = 272), and additional rare tumor types including malignant phyllodes tumors, neuroendocrine carcinoma, and angiosarcoma (n = 10).
Immunohistochemical analysis
We performed immunohistochemical staining for ER, PR, HER2, CK5/6, and EGFR on 5-lm paraffin sections cut from the TMA blocks. Immunostains for each marker were performed in a single staining run on a Dako Autostainer (Dako Corporation, Carpinteria, CA). These particular biomarkers were selected for analysis because they have been commonly used as surrogates to classify invasive breast cancers according to their molecular phenotypes [4, [7] [8] [9] [10] . Sources and dilutions of the primary antibodies used in this study are listed in Appendix Table 3 . Immunostains for ER, PR, HER2, CK 5/6, and EGFR were performed using methods described in detail previously [13, 15] . Appropriate positive and negative controls were included in all staining runs.
Immunostained TMA slides were evaluated for ER and PR expression, HER2 protein over-expression, and expression of CK5/6 and EGFR in each core. Tumor cells that showed any nuclear staining for ER or PR were considered ER-positive or PR-positive, respectively, whereas all ER-negative or PR-negative cases showed complete absence of tumor cell staining in all tissue cores. Of note, low positive ER or PR (1-10% of tumor cell nuclei staining) and positive ER or PR ([10% of tumor cell nuclei staining) were collapsed into a single ''positive'' category for the purposes of this analysis. Tumor cells were considered positive for HER2 protein over-expression when more than 10% of the cells showed moderate or strong membrane staining (2? and 3?). The results of analyses in which HER2 positivity was defined as 3? were very similar to those presented with a definition of 2? and 3? . Cases were considered basal CK-positive or EGFR-positive if any cytoplasmic and or membranous staining was detected in the tumor cells, even if focal. These latter criteria are similar to those previously used for scoring these markers in invasive basal-like cancers [4, 7, 8] .
Classification of molecular subtypes
Immunostained TMA sections were reviewed under a microscope and visually scored for each individual tissue core as described above. We classified a case as positive if there was staining in any of the three cores from that case and negative if there was no immunostaining present. Based on RNA expression data [1] [2] [3] and previous largescale epidemiologic studies [16, 17] , we used a panel of immunohistochemical markers to classify the tumors into molecular subtypes. Cases that were ER-positive and/or PR-positive and HER2-negative and histologic grade 1 and 2 were classified as luminal A cancers; cases that were either (a) ER-positive and/or PR-positive and HER2-positive or (b) ER-positive and/or PR-positive, HER2-negative, and histologic grade 3 were classified as luminal B; cases that were ER-negative, PR-negative, and HER2-positive were classified as HER2 type; and cases that were negative for ER, PR, and HER2 and positive for CK 5/6 and/or EGFR were categorized as basal-like. Cases that lacked expression of all five markers were considered ''unclassified.'' Of the invasive tumors on tissue microarrays, 2,249 could be classified into one of these five molecular subtypes.
Statistical analysis
Information on breast cancer risk factors was obtained from biennial questionnaires. Women who reported a diagnosis of cancer other than nonmelanoma skin cancer were excluded at baseline and from subsequent follow-up analysis. Person-time for each participant was calculated from the date of return of the 1976 questionnaire to the date of breast cancer diagnosis, date of any other cancer diagnosis (not including nonmelanoma skin cancer), death from any cause, or June 1, 1998, which ever came first.
The primary analysis used incidence rates with personmonths in the denominator. Person-time for each participant was calculated from the date of return of the 1976 questionnaire to the date of breast cancer diagnosis, date of any other cancer diagnosis (not including nonmelanoma skin cancer), death from any cause, or June 1, 1998, whichever came first. The primary analysis used incidence rates with person-months in the denominator. For each woman, person-months were allocated to each exposure category, beginning in 1976 and updated every two years. We used Cox proportional hazards models to estimate hazard ratios (RRs) and 95% confidence intervals (CIs). Multivariate analysis included age at menopause, family history of breast cancer in a first-degree relative, personal history of benign breast disease (BBD), BMI at age 18, weight change since age 18, age at menarche, parity or age at first birth, alcohol consumption, menopausal status or PMH use, lactation, and smoking. These variables were considered because they are either well-established risk factors for breast cancer [18] or have been reported to be associated with a particular molecular phenotype of breast cancer [16, 17] .
To determine whether the association between exposures is differentially associated with tumor subtypes, we used competing risks models [19, 20] . Specifically, this approach uses the data augmentation method described by Lunn and McNeil [21] to create a separate observation for each subject for each type of outcome and then stratifies on event type, allowing for estimation of separate associations of each risk factor with the relative hazard of each type of outcome [20] . Likelihood ratio tests were conducted to compare models assuming different associations of exposures with each subtype of tumor to models assuming the same association with all types; a significant P value for this test of heterogeneity would indicate that the associations are different for the different tumor subtypes. All analyses were conducted with SAS version 9.2 (SAS, Cary, USA). All statistical tests were two sided, and P-values \ 0.05 were considered statistically significant. This study was approved by the Committee on the Use of Human Subjects in Research at Brigham and Women's Hospital.
Results
During the course of follow-up, 2,022 invasive breast cancer cases were identified that could be classified into one of five molecular phenotypes. Based on immunostaining data from the five markers used in conjunction with histologic grade (which was used as a surrogate for Ki67 proliferation index), 1,267 tumors were classified as luminal A; 321 were luminal B; 113 were HER2; 226 were basal-like; and 95 tumors were unclassifiable (ER-/PR-/ HER2-/EGFR-/CK5/6-). In addition, 3,549 breast cancers occurred among women for whom we were unable to classify into these phenotypes due to lack of either tissue availability or staining results for one or more of the five markers. Compared with women with tissue specimens, the women for whom we were unable to obtain specimens were very similar with respect to breast cancer risk factors and tumor characteristics [13] .
The mean age at diagnosis ranged from 55.3 years for women with basal-like tumors to 58.0 years for women with luminal A tumors ( Table 1 ). In general, the luminal A tumors were smaller, less likely to have nodal involvement, were of lower stage, and were more often of lower histologic grade than the other four molecular subtypes. The luminal B and basal-like tumors were more often high grade, while the HER2 type was most likely to be stage III or IV (33.0%) and the unclassified type was most likely to be metastatic at diagnosis (8.1%) relative to the other subtypes.
We observed differences in the association between breast cancer risk factors and molecular subtypes of breast cancer (Table 2 ). In general, reproductive risk factors for breast cancer including age at menarche, parity, and age at first birth tended to be most strongly associated with the luminal A subtype, although there was no evidence of statistical heterogeneity across the subtypes. For example, compared to nulliparous women, having three or more children was inversely associated with luminal A breast cancer (HR = 0.7, 95% CI 0.5-1.0; P-trend = 0.01). However, this inverse association was not observed among the other subtypes.
We found that hormonal exposures in later adult life exhibited the greatest heterogeneity in association with these molecular subtypes. Weight gain since age 18 was positively associated with both luminal A (P-trend = 0.05) and B tumor (P-trend = 0.001) subtypes, but not with the ER-subtypes (P-heterogeneity = 0.05). The association between weight gain since age 18 and luminal B tumors was significantly stronger than the association with luminal A tumors (P-heterogeneity = 0.0007). There was suggestive evidence that the association between PMH use and breast cancer may also vary by subtype (P-heterogeneity = 0.08). We observed a significant association between estrogen-only hormone therapy (HR = 1.4, 95% CI 1.1-1.7) and estrogen plus progestin therapy (HR = 1.5, 95% CI 1.2-2.0) and risk of luminal A tumors, but not luminal B tumors (P-heterogeneity = 0.004). Estrogen plus progestin therapy was also associated with basal-like (HR = 1.8, 95% CI 1.0-3.4) and unclassified (HR = 2.9, 95% CI 1.1-7.6) tumors, but not luminal B or HER2-type.
Family history of breast cancer was differentially associated with breast cancer subtypes (P = 0.01). Having one first-degree relative with breast cancer was significantly associated with luminal A and B subtypes only, while having two first-degree relatives with breast cancer was associated with an increased risk of luminal A (HR = 2.3, 95% CI 1.3-4.2), HER2-type (HR = 2.5, 95% CI 0.3-18.1), and basal-like (HR = 2.9, 95% CI 0.7-11.7) tumors, and not the others.
There was little evidence that the association between the other risk factors we considered differed by molecular subtypes. Having a prior BBD was associated with a 20-70% increased risk of all breast cancer subtypes (P-heterogeneity = 0.69). BMI at age 18 was inversely associated with luminal A, basal-like, and unclassified subtypes of breast cancer (P-heterogeneity = 0.49). Although there were no significant differences in the association between lactation across molecular subtypes, an inverse association was strongest for the basal-like tumors (HR = 0.6, 95% CI 0.4-0.9; P-heterogeneity = 0.88).
Discussion
In this study of over 2,000 breast cancer cases, we found significant differences in the association between breast cancer risk factors and molecular subtypes of tumors. As expected, many reproductive risk factors including age at menarche, parity, age at first birth, age at menopause, and PMH use were associated with luminal A tumors, the most common type of breast cancer. In general, hormonally related risk factors in later adult life demonstrated the most heterogeneity. The association between postmenopausal hormone use and luminal A tumors was significantly stronger than the relation with luminal B tumors (the other ER? subtype). Interestingly, weight gain since age 18 was more strongly associated with luminal B tumors than luminal A tumors.
Unexpectedly, we found that some hormonal factors were associated with hormone receptor-negative subtypes. For example, age at menopause was significantly associated with the HER2-type and unclassified subtype, and current estrogen plus progestin hormone use was strongly associated with both basal-like and unclassified tumor types.
A number of other studies have evaluated the association between breast cancer risk factors and tumor subtypes, although only a handful has evaluated markers beyond ER, PR, and HER2. The Polish Breast Cancer Study (n = 804 breast cancer cases) also found that most established breast cancer risk factors were associated with luminal A tumors [16] . However, they reported that age at menarche was more strongly inversely associated with basal-like tumors than that with luminal A tumors (P-heterogeneity = 0.0009), which we did not observe in the current study. Similar to our study, the Polish Breast Cancer Study found that having a family history of breast cancer was a risk factor for almost all subtypes although the magnitude of the effect was greatest for basal-like and HER2-type breast cancers.
The Carolina Breast Cancer Study (CBCS) (n = 1424 breast cancer cases) also examined the association between 
risk factors for molecular subtypes of breast cancer in a case-control study of both Caucasian and African American women [17] . Millikan et al. found that increasing parity was associated with reduced risk of luminal A tumors and an increased risk of basal-like tumors. Our results with respect to parity are consistent with this finding. In addition, The CBCS reported an inverse association between lactation and basal-like tumors. Although there was no significant heterogeneity between lactation and subtype in our study, we did find a strong inverse association between lactation and basal-like tumors. For women with total breast-feeding of 4? months, we found a 40% reduced risk of basal-like breast cancer, which is in line with the 30% reduced risk observed in the CBCS. In addition, studies examining risk factors in relation to tumors classified with information on ER, PR, and HER2 only have also been conducted. A combined study of the LACE and Pathways studies within Kaiser Permanente Northern California examined breast cancer risk factors in relation to subtypes defined by ER, PR, and HER2. In this study of 2,544 invasive breast cancer cases, Kwan et al. [22] found that relative to luminal A cases (ER? and/or PR?/HER2-), luminal B cases (ER? and/or PR?/ HER2?) were less likely to consume alcohol and use HRT. Breast-feeding for at least four months was associated with a lower risk of triple-negative cases (ER-/PR-/HER2-) compared with luminal A. Similarly, two other studies, Phipps et al. [23] (n = 1130 total cases) and Gaudet et al. [24] (n = 890 total cases), also reported an inverse association between breast-feeding for 6 or more months and triple-negative breast tumors.
Of interest, a number of risk factors in our study did not demonstrate heterogeneity across tumor subtypes including age at menarche, BMI at age 18, previous BBD, and alcohol consumption. It is possible that these factors are having a similar effect on risk across the different subtypes, and this may be indicating how these factors are affecting breast cancer etiology. For example, having a prior BBD may indicate having early proliferative lesions that could have developed through a number of different pathways. BBD is believed to be a general marker of breast cancer risk and thus may reflect the culmination of many risk factors and not be specific to any one pathway. It is also possible that we may not have had enough power to detect the difference across subtypes for some exposures.
Our classification of tumor subtypes was similar although not identical to those used in previous epidemiologic studies [16, 17] . Both of the prior studies utilized immunohistochemical markers to define molecular subtypes, while we also incorporated histologic grade. Others have shown that the distinction between luminal A and B tumors can be refined by adding the proliferation marker Ki67 to ER, PR, and HER2 [25] . Given that Ki67 data were not available for our cases, we used histologic grade as a surrogate for proliferation rate given the close correlation between proliferation rate and histologic grade. Thus, our definitions for luminal A and B are different than the two previous studies, but more in keeping with the most recently proposed classification scheme [25] . This may limit our ability to compare across studies and explain some of the differences observed.
The results of the current study taken together with the previous studies suggest that many of the traditional breast cancer risk factors are associated with luminal A tumors and that there may be some differences with other subtypes. The associations with luminal A tumors are not surprising since these are the most common tumor type and may also reflect the selection of exposures we have focused in the current study. We have chosen to examine traditional breast cancer risk factors; these were initially identified because they are the risk factors shown to be most commonly associated with breast cancer. The majority of these risk factors have also been shown to be associated with the most common type of breast cancer, namely ER? breast cancers. While it is reassuring that these risk factors are associated with the luminal A subtype, it does not help us to further our understanding of risk factors associated with ER-subtypes. Adding the additional markers and dividing the cases into smaller subsets limits our power to detect associations for the rare subtypes. One of the most consistent findings from this study and other studies is the inverse association between breast-feeding and triple-negative or basal-like tumors. This finding supports the hypothesis that molecular classification of tumors may help us to better understand etiology and/or provide insights into the mechanisms by which these less common molecular subtypes develop.
This study has a number of strengths including the large study population with over 2,000 invasive breast cancer cases, the prospectively collected nature of the exposure variables, and uniform staining and scoring of molecular markers. Despite the large number of cases, we were still limited by the number of less common subtypes in particular the HER2-type and the unclassified tumors. Thus, our power to detect significant differences by these subtypes was limited. In addition, we lacked adequate power to examine these associations among premenopausal breast cancer cases. It is worth noting that the frequency of receptor status positivity and molecular subtype frequency among invasive tumors in our study population were very similar to other populations, suggesting that samples included in this study are representative of the overall US population.
In conclusion, in this study, we found that traditional breast cancer risk factors demonstrated different relations with the molecular subtypes of breast cancer. In general, many of the reproductive factors were most strongly associated with the luminal A subtype. In addition, we confirmed a previously reported strong inverse association between lactation and basal-like tumors. It is unclear whether classifying breast tumors according to the molecular phenotypes (i.e., subtypes that are known to have prognostic importance) permits identification of differences in risk factor profiles. Additional work to determine whether the differences that have been observed are due to single markers or to the molecular phenotype is necessary. It remains to be seen whether nontraditional breast cancer risk factors may exist that are associated with less common tumor subtypes. Identifying risk factors for these less common subtypes such as HER2 and basal-like tumors, which also have a poorer prognosis, has important implications for prevention of these tumor subtypes. ER estrogen receptor, PR progesterone receptor, HER2 human epidermal growth factor receptor 2, CK5/6 cytokeratin 5/6, EGFR epidermal growth factor receptor
